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The neurohypophysial nonapeptide arginine vasopressin (AVP), also known as antidiuretic hormone, is traditionally recognized for its role as a vasoconstrictor hormone acting on vascular smooth muscle cells and its antidiuretic effect via the renal collecting system. In addition to its function in the regulation of body fluid osmolality, vascular tone, and blood pressure, AVP acts as a growth-promoting factor for a variety of cell types including fibroblasts, hepatocytes, vascular smooth muscle cells, and small cell lung carcinoma (62, 68, 74, 77) . AVP is known to exert its biological effects through binding to three AVP receptor subtypes, V 1A , V 1B , and V 2 receptors, which are members of the GPCR superfamily (6) . V 1A and V 1B receptors induce phospholipase C (PLC)-mediated hydrolysis of membrane phosphoinositides leading to the generation of two second messengers: inositol 1,4,5-trisphosphate [Ins(1,4,5)P 3 ], which stimulates Ca 2ϩ mobilization from intracellular stores and diacylglycerol (DAG), which activates the classic and novel isoforms of the protein kinase C (PKC) family. V 1A receptor activation also leads to rapid stimulation of nonreceptor tyrosine kinases including Src family kinases and focal adhesion kinase (60, 61) and mitogen-activated protein (MAP) kinase (MAPK) cascades (28) . V 2 receptors, which are predominantly found in the renal collecting system, induce G s -mediated adenylate cyclase stimulation, leading to increased cAMP synthesis (6) .
In the human gastrointestinal tract, earlier studies demonstrated the presence of vasopressin in crypt cells of the stomach and small intestine and in mononuclear cells within the lamina propria and submucosa as revealed by immunohistochemical examination (24) . More recently, AVP-containing cells have been reported to be present in rat small and large intestines (35) , as well as in a subpopulation of enteric neurons in the submucosal and myenteric plexuses of the canine colon (82) . AVP has been shown to mediate electrolyte and water transport in the colon (71) . To date, there are no studies concerning AVP-stimulated signaling, including effects on protein kinase cascades and cell proliferation, in cultures of intestinal epithelial cells.
In the present study we demonstrate, for the first time, that AVP potently induces multiple intracellular signal transduction pathways in nontransformed rat intestinal epithelial IEC-18 cells via a V 1A receptor subtype. Addition of AVP to these cells induces a rapid elevation in the intracellular concentration of Ca 2ϩ ([Ca 2ϩ ] i ) and promotes protein kinase D (PKD) activation through a PKC-dependent pathway. Furthermore, AVP stimulates the nonreceptor tyrosine kinases proline-rich tyrosine kinase 2 (Pyk2) and Src and induces activation of the extracellular signal-regulated kinases (ERKs) ERK-1 (p44 mapk ) and ERK-2 (p42 mapk ), through [Ca 2ϩ ] i -, PKC-, EGF receptor (EGFR) tyrosine kinase-, and Src-dependent pathways. Our results also demonstrate that AVP acts as a potent growth factor for IEC-18 cells, inducing DNA synthesis and cell proliferation in the absence of any other exogenously added growth factor through [Ca 2ϩ ] i -, ERK-, PKC-, EGFR-and Src-dependent pathways. Thus AVP may play an unrecognized role in the maintenance of the small intestinal mucosa by contributing to the regulation of intestinal epithelial cell proliferation and migration.
MATERIALS AND METHODS
Cell culture. IEC-18 cells were purchased from American Type Culture Collection. Stock cultures of these cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS) in a humidified atmosphere containing 10% CO2 and 90% air at 37°C. For experimental purposes, cells were plated in 100-mm dishes at 3 ϫ 10 5 cells/dish in DMEM containing 5% FBS and were allowed to grow to confluence (5-7 days) and then changed to serum-free DMEM for 18-24 h before the experiment.
Assay of DNA synthesis. Confluent, quiescent cultures of IEC-18 cells were washed twice with DMEM and incubated with DMEM-Waymouth's medium (1:1, vol/vol) and various additions as described in Figs. 7-9. After 15 h of incubation at 37°C, 3 H-labeled thymidine (0.2 Ci/ml, 1 M) was added and the cultures were incubated for a further 4 h at 37°C. Cultures were then washed twice with phosphate-buffered saline (PBS) and incubated in 5% trichloroacetic acid at 4°C for 20 min to remove acid-soluble radioactivity, washed with ethanol, and solubilized in 1 ml of 2% Na2CO3-0.1 M NaOH. The acid-insoluble radioactivity was determined by scintillation counting in 6 ml of Beckman Readysafe.
Measurement of cell number. For experimental purposes, 5 ϫ 10 4 IEC-18 cells were subcultured in 35-mm Nunc petri dishes with 2 ml of DMEM containing 1% FBS. At day 0 (24 h after plating), cultures were washed twice with DMEM to remove residual serum and replaced with DMEM-Waymouth's medium (1:1, vol/vol) with or without vasopressin as described in Fig. 7 . Cell number was determined by removing the cells from the dish with a trypsin-EDTA solution (0.5% trypsin in Ca 2ϩ -and Mg 2ϩ -free PBS with EDTA) and counting a portion of the resulting cell suspension in a Coulter counter. Cell counts were obtained at day 0 (24 h after plating), day 1 (48 h after plating), and day 2 (72 h after plating).
Kinase assay of PKD. Cultures of IEC-18 cells, treated as described in the individual experiments, were washed and lysed in 50 mM Tris ⅐ HCl pH 7.6, 2 mM EGTA, 2 mM EDTA, 1 mM dithiothreitol (DTT), 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride HCl (AEBSF), and 1% Triton X-100 (lysis buffer A). Cell lysates were clarified by centrifugation at 15,000 g for 10 min at 4°C. PKD was immunoprecipitated at 4°C for 2-4 h with the PA-1 antiserum (1:100) as previously described (85) . The immune complexes were recovered using protein A coupled to agarose.
PKD autophosphorylation was determined in an in vitro kinase assay by mixing 20 l of PKD immunocomplexes with 10 l of a phosphorylation mixture containing (final concentration) 100 M [␥-
32 P]ATP (specific activity 400-600 cpm/ pmol), 30 mM Tris ⅐ HCl pH 7.4, 10 mM MgCl2, and 1 mM DTT. After 10 min of incubation at 30°C the reaction was stopped by washing with 200 l of kinase buffer and adding an equal volume of 2ϫ SDS-PAGE sample buffer (200 mM Tris ⅐ HCl pH 6.8, 2 mM EDTA, 0.1 M Na3VO4, 6% SDS, 10% glycerol, and 4% 2-mercaptoethanol), and SDS-PAGE analysis was performed (81, 85) . The gels were dried, and the 110-kDa radioactive band corresponding to autophosphorylated PKD was visualized by autoradiography. Autoradiographs were scanned in a GS-710 calibrated imaging densitometer (Bio-Rad), and the labeled band was quantified with Quantity One software program (Bio-Rad).
Western blot analysis for pS916 and ERK-2/ERK-1 activation. Quiescent cultures of IEC-18 cells grown on 100-mm dishes were washed twice with DMEM and then treated as described in the individual experiments. The cells were lysed in 2ϫ SDS-PAGE sample buffer. After SDS-PAGE, proteins were transferred to Immobilon-P membranes (Millipore) and blocked by 3-to 6-h incubation with 5% nonfat milk in PBS, pH 7.2. Membranes were then incubated overnight with the respective primary antibody. PKD activation was determined by incubating the membrane with an antiserum that specifically recognizes the phosphorylated state of serine-916 of PKD (pS916) at a dilution of 1:500 in PBS containing 5% nonfat dried milk.
Activation of ERK-1 and ERK-2 occurs through phosphorylation of specific threonine and tyrosine residues (73), resulting in slower-migrating forms in SDS-PAGE gels. These activated forms were monitored by using a specific antiphospho-ERK-1/ERK-2 monoclonal antibody (MAb) (New England Biolabs, Beverly, MA) that recognizes the phosphorylated state of Thr 202 and Tyr 204 of ERK-1/2. The same membranes were stripped and probed in a similar fashion with goat anti-ERK2 polyclonal antibody.
Bound primary antibodies to immunoreactive bands were visualized by enhanced chemiluminescence detection with horseradish peroxidase-conjugated anti-mouse, anti-rabbit, or anti-goat antibodies. Autoradiograms were scanned using a GS-710 scanner, and the labeled bands were quantified with Quantity One software. All Western blots shown are representative of at least three independent experiments.
Assay for Pyk2 tyrosine phosphorylation. Confluent cultures of IEC-18 cells were washed with serum-free DMEM, equilibrated in the same medium at 37°C for 3 h, and then treated with AVP. Stimulation was terminated by aspirating the medium and lysing the cells in 1 ml of ice-cold buffer containing 10 mM Tris, pH 7.6, 1% Triton X-100, 50 mM NaCl, 5 mM EDTA, 0.1 mM sodium orthovanadate, 30 mM disodium pyrophosphate, 50 mM NaF, and 1 mM AEBSF. Lysates were clarified by centrifugation at 15,000 rpm for 10 min at 4°C, and the pellets were discarded. Proteins were immunoprecipitated overnight at 4°C with either anti-mouse IgG-agarose linked to monoclonal anti-Tyr(P) or protein A-agarose linked to polyclonal anti-Pyk2 antibody. Immunoprecipitates were washed three times with lysis buffer, extracted for 20 min at 95°C in 2ϫ SDS-PAGE sample buffer (200 mM Tris ⅐ HCl pH 6.8, 2 mM EDTA, 6% SDS, 4% 2-mercaptoethanol, and 10% glycerol), and then resolved by SDS-PAGE.
To measure pY402 phosphorylation, confluent serumstarved cultures of IEC-18 cells were immunoprecipitated with polyclonal anti-Pyk2 antibody, followed by Western blot analysis with phosphospecific antibody to Tyr 402 of Pyk2. To assure equal loading, blots were stripped and reprobed with anti-Pyk2 antibody.
Measurement of [Ca 2ϩ ]i. [Ca 2ϩ ]i was measured with the fluorescent indicator fura 2. Confluent and quiescent cultures of IEC-18 cells, grown on 9 ϫ 22-mm coverslips, were washed twice with Hanks' buffered salt solution (pH 7.2) supplemented with (in mM) 35 NaHCO3, 1.3 CaCl2, 0.5 MgCl2, 0.4 MgSO4, and 0.1% bovine serum albumin (buffer B). After washing, cells were incubated with 5 M fura 2-tetraacetoxymethyl ester (fura 2-AM) for 30 min at room temperature. The cultures were then washed twice with buffer B. Each coverslip was placed in a quartz cuvette containing 2 ml of buffer B, and fluorescence was measured continuously in a Hitachi F-2000 fluorospectrophotometer, with dual excitation wavelengths of 340 (1) and 380 (2) nm and an emission wavelength of 510 nm, while the incubation media were continually stirred at 37°C. [Ca 2ϩ ]i was determined with the formula
where R is the ratio of the emission at 510 nm after excitation at 340 and 380 nm, Rmin and Rmax are minimum and maximum R, Fmax is the fluorescence after the addition of 40 M digitonin, and Fmin is the fluorescence after the Ca 2ϩ in the solution has been chelated with 10-20 mM EGTA. The value of the dissociation constant (Kd) for Ca 2ϩ was 224 nM (29) . Measurement of [Ca 2ϩ ]i in individual cells. IEC-18 cells were grown, loaded with fura 2-AM, and washed as described in Measurement of [Ca 2ϩ ]i. The coverslips were then placed in a coverslip chamber with 1 ml of buffer B. The chamber was mounted on the stage of a Zeiss 100TV inverted microscope, with a 40ϫ objective (Fluar; Zeiss, New York, NY). Mounted cells were perfused with buffer B (ϳ1 ml/min) by using a two-channel peristaltic pump (Rainin, Woburn, MA) at 37°C. [Ca 2ϩ ]i was measured with a fluorescent videomicroscopy system (RatioVision, Atto Instruments, Rockville, MD) using 334-and 380-nm excitation filters as described previously (29) . Calibration of the fura 2 fluorescence ratios was accomplished in vitro with a series of buffered Ca 2ϩ standards containing Mg 2ϩ . Perfusion was discontinued before addition of agonists. In general, full ratio images were obtained at sampling rates of 1.0-1.5 images/s. Wounding assay. IEC-18 cells were plated on 22-mm glass coverslips at 2 ϫ 10 5 cells/coverslip in DMEM containing 5% FBS. The cell cultures were allowed to grow to confluence (3-5 days) and then changed to serum-free DMEM for 24 h before the experiment. Wounding was initiated by creating linear scrapes through the cell monolayers with a sterile needle as previously described (76) . After wounding, the coverslips were washed three times with DMEM and then placed in serum-free medium in the presence or absence of agonists.
To quantitate the rate of cell migration, phase-contrast images were collected with a 10ϫ 0.5-numerical aperture objective. Initial wound quantitation was performed on images collected 20 min after wounding. The wound width was consistently between 520 and 570 m (mean width 545.3 Ϯ 21.4 m; n ϭ 20). Further images were randomly collected from 10 different wounded areas at 24 h after wounding. Wound-induced migration was calculated as the number of the cells across the initial wound. Data are presented as means Ϯ SE after subtraction of the basal number of migrating cells into the wound seen in the respective controls. Each data point presented in this study represents analysis of images collected from Ͼ10 different wounded areas. Differences between groups were analyzed with the unpaired Student's t-test. [Ca 2ϩ ] i in IEC-18 cells. The mobilization of Ca 2ϩ from intracellular stores leading to a rapid and transient increase in [Ca 2ϩ ] i is one of the earliest events stimulated by the binding of agonists to GPCRs that signal through G q -mediated activation of PLC (5, 20, 66) . To identify the expression of G q -coupled GPCRs in intestinal epithelial cells, multiple peptide hormones were screened for their ability to induce Ca 2ϩ mobilization in IEC-18 cells, a nontransformed intestinal epithelial cell line derived from rat ileum (56, 57 There are at least three GPCR subtypes that bind AVP, namely, V 1A , V 1B , and V 2 receptors (6). V 1A and V 1B receptors are known to couple to G q and thereby to PLC-mediated generation of Ins(1,4,5)P 3 , which mobilizes Ca 2ϩ from internal stores, whereas V 2 receptors activate G s and stimulate cAMP synthesis. To distinguish the receptor subtype expressed by IEC-18 cells, we used the selective V 1A receptor antagonist [␤-mercapto-␤,␤-cyclopentamethyleneproprionyl . In contrast, pretreatment with V 1A receptor antagonist had no effect on angiotensin-induced Ca 2ϩ mobilization, confirming the selectivity of this antagonist (Fig. 1C, inset) .
RESULTS

AVP induces a rapid and transient increase in
AVP induces PKD activation in IEC-18 cells. In addition to Ins(1,4,5)P 3 , which induces the rapid release of Ca 2ϩ from internal stores, the V 1A receptor subtype triggers the PLC-mediated generation of DAG that activates PKC. Downstream targets for PKCs in intestinal epithelial cells have not been clearly defined. PKD is a novel serine/threonine protein kinase that can be distinguished from PKC isoforms by a variety of criteria including catalytic domain structure, substrate specificity, the presence of a pleckstrin homology (PH) domain, and the absence of a pseudosubstrate autoinhibitory motif, which is present in all known PKCs upstream of the first cysteine-rich domain (65) . The recent identification of additional distinct cDNA clones, similar in overall structure, primary sequence, and enzymological properties to PKD/PKC underscores that PKD isozymes represent a distinct serine protein kinase family, separated from PKCs by many features (34, 75) . We recently showed (10) that angiotensin and lysophosphatidic acid (LPA) induce PKD activation in both IEC-6 and IEC-18 cells through a PKC-dependent signal transduction pathway.
To determine whether AVP induces PKD activation in intact IEC-18 cells, cultures of these cells treated with increasing concentrations of AVP were lysed and PKD was immunoprecipitated with PA-1 antiserum. The resulting immunocomplexes were incubated with [␥-32 P]ATP, and the incorporation of 32 P into PKD was analyzed by SDS-PAGE and autoradiography. As shown in Fig. 2A , top, stimulation of IEC-18 cells with AVP induced a rapid and striking increase in PKD kinase activity that was maintained during cell lysis and immunoprecipitation. Half-maximal and maximal PKD activation were achieved at 1 and 10 nM, respectively ( Fig. 2A) .
Recently, an antiserum specifically recognizing the phosphorylated form of a PKD carboxy-terminal residue, Ser 916 , was developed and used to detect in vivo autophosphorylation at this site by active PKD (47) . Thus the pS916 antiserum provides a novel approach for detecting conversion of PKD to an active form within cells. Here, lysates from IEC-18 cells stimulated with increasing concentrations of AVP were analyzed by SDS-PAGE followed by Western blot analysis with the pS916 antiserum. AVP stimulation induced a dramatic increase in the immunoreactivity of the PKD band indicative of phosphorylation at Ser 916 ( Fig. 2A,  middle) .
Stimulation of intact IEC-18 cells with AVP for various times induced a striking time-dependent increase in PKD activation, as judged by assays of in vitro PKD kinase activity after immunoprecipitation or by Western blotting with pS916 antibody to detect PKD autophosphorylation in intact cells (Fig. 2B) . PKD activation was detectable within 30 s and reached a maximum (ϳ10-fold) after 1 min of AVP stimulation. These results demonstrate that PKD activation is one of the early events induced by AVP in IEC-18 cells.
We also examined the effect of AVP on PKD activation monitored by PKD autophosphorylation at Ser 916 at longer times. As shown in Fig. 2C , AVP-induced PKD activation within cells declined gradually toward baseline levels. In contrast, PKD activation induced by PDB persisted for at least 90 min of treatment. Thus AVP-induced PKD activation is transient compared with that induced by PDB.
As shown with AVP-induced calcium mobilization, AVP-induced PKD activation was also prevented by pretreatment of these cells with the selective V 1A re-
]vasopressin (Fig. 2D ). In contrast, pretreatment with this V 1A receptor antagonist had no effect on PKD activation in response to either angiotensin II or PDB (Fig. 2D) .
AVP stimulates PKD activation via PKC. To determine the role of PKCs in PKD activation induced by AVP, cultures of IEC-18 cells were treated with various concentrations of the selective PKC inhibitors GF-I (78) and Ro-31-8220 (84) before AVP stimulation. As shown in Fig. 3A , top, treatment with GF-I potently blocked PKD activation induced by subsequent addition of AVP in a concentration-dependent fashion. In contrast, GF-I added directly to the in vitro kinase assay, even at the concentrations (0.25-2.5 M) that abrogated AVP-induced PKD activation in intact IEC-18 cells, did not inhibit PKD activity (Fig. 3A,  middle) . Similar results were obtained when the PKC inhibitor Ro-31-8220 was used instead of GF-I (Fig.  3B) . These results imply that Ro-31-8220 and GF-I do not inhibit PKD activity directly but interfere with AVP-mediated PKD activation in intact cells by blocking PKC. In addition to in vitro kinase assays (Fig. 3, A  and B) , pretreatment of IEC-18 cells with PKC inhibitors also blocked AVP-induced PKD autophosphorylation at Ser 916 in intact cells (Fig. 3C ). In contrast to the results obtained with GF-I and Ro-81-3220, treatment of IEC-18 cells with the broadspectrum protein tyrosine kinase inhibitor genistein, the phosphoinositide 3-kinase inhibitor wortmannin (52), the selective EGFR tyrosine kinase inhibitor tyrphostin AG-1478 (43), or the selective Src family kinase inhibitor PP-2 (33) did not interfere with AVPinduced PKD activation (Fig. 3D ). These results demonstrate the specificity of the PKC inhibitors and indicate that these kinases are not upstream regulators of PKD.
AVP induces Pyk2 tyrosine phosphorylation and Src activation. An elevation in [Ca 2ϩ ] i and an increase in PKC activity stimulate activation and tyrosine phosphorylation of the cytosolic proline-rich tyrosine kinase 2 (Pyk2) in a variety of cell types (41, 42, 72) . Because initial results indicated that Pyk2 is expressed by IEC-18 cells, we examined whether AVP can stimulate Pyk2 tyrosine phosphorylation in these cells. Confluent cultures of IEC-18 cells were treated with increasing concentrations of AVP and lysed, and extracts were immunoprecipitated with anti-Tyr(P) antibody. The resulting immunocomplexes were analyzed by SDS-PAGE followed by Western blotting with anti-Pyk2 antibody. As shown in Fig. 4A , AVP induced a striking increase in the tyrosine phosphorylation of Pyk2, indicative of activation. Half-maximal and maximal activation were achieved at 3 and 10 nM, respectively. Stimulation of IEC-18 cells with AVP for various times indicated that AVP induced rapid Pyk2 tyrosine phosphorylation, reaching a maximum within 1 min (Fig.  4B) . Similar results were obtained when the tyrosine phosphorylation of Pyk2 was assessed by immunoprecipitation with an anti-Pyk2 antibody followed by Western blotting with an anti-phosphotyrosine antibody (results not shown).
The major autophosphorylation site of Pyk2 is Tyr 402 (2) . To determine whether AVP induces Pyk2 phosphorylation at Tyr
402
, serum-starved cultures of IEC-18 cells were incubated with or without AVP and immunoprecipitated with anti-Pyk2 antibody, followed by Western blotting with a phosphospecific antibody to Tyr 402 . As shown in Fig. 4C , left, AVP stimulation induced phosphorylation of Pyk2 at Tyr 402 . We verified that similar amounts of Pyk2 were immunoprecipitated from lysates of IEC-18 cells treated with or without AVP (Fig. 4C, right) . ous times shows that this hormone induces Src activation rapidly in these cells, reaching a maximum within 1 min (Fig. 4D) . Thus the kinetics of Src activation parallels that of Pyk2 tyrosine phosphorylation.
AVP stimulates ERK-1/2 activation via V 1A receptor and is dependent on ERK kinase. The MAPKs are a family of highly conserved serine/threonine kinases that are activated by a range of extracellular signals via protein phosphorylation cascades that relay mitogenic signals to the nucleus (83) . The two best characterized isoforms, ERK-1 (p44 mapk ) and ERK-2 (p42 mapk ), are directly activated by phosphorylation on specific tyrosine and threonine residues by the dualspecificity ERK kinase (or MAPK kinase; MEK) (83) . In some cell types, activation of Pyk2 and Src family kinases triggers the stimulation of the Raf-MEK-ERK cascade via Ras activation (30, 66) .
To examine whether AVP induces ERK-1/2 activation in IEC-18 cells, cultures of these cells were treated with increasing concentrations of AVP and lysed, and the active forms of ERK-1/2 were detected by Western blotting with an antibody that recognizes the dually phosphorylated forms of these enzymes. As illustrated in Fig. 4E , AVP induced ERK activation in a concentration-dependent fashion, achieving half-maximal and maximal activation at 1 and 10 nM, respectively. Addition of AVP at higher concentrations (up to 1 M) did not give increased ERK phosphorylation beyond that achieved at 10 nM (data not shown). Stimulation of IEC-18 cells with AVP for various times indicates that AVP induces ERK activation rapidly, reaching a maximum within 1 min (Fig. 4F) .
As other early signals induced by AVP in IEC-18 cells, AVP-induced ERK activation was also prevented by pretreatment of these cells with the selective V 1A receptor antagonist [␤-mercapto-␤,␤-cyclopentamethyleneproprionyl ]vasopressin (Fig. 5A ). To determine whether AVP-induced activation of ERK-1/2 is mediated by MEK in IEC-18 cells, cultures of these cells were preincubated for 1 h in the absence or presence of the specific MEK inhibitor PD-98059 (3) and subsequently stimulated with AVP. The results shown in Fig. 5B demonstrate that exposure to PD-98059 completely prevented ERK activation in response to AVP. Recently, U-0126, a compound structurally unrelated to PD-98059, has been identified as a potent and specific inhibitor of MEK-1 and MEK-2 (21). As shown in Fig. 5B , ERK activation in response to AVP was also abrogated by prior exposure to U-0126.
Role of PKC, Src, [Ca 2ϩ ] i , and EGFR in AVP-stimulated ERK-1/2 activation.
To investigate the upstream pathway(s) leading to MEK activation, we examined the contribution of PKC, [Ca 2ϩ ] i , Src, and EGFR to AVP-induced ERK activation. As shown in Fig. 5C , pretreatment of cells with the specific PKC inhibitors GF-I and Ro-31-8220 prevented AVP-induced ERK activation. In contrast, preincubation of cultures with GF-V, a biologically inactive analog of GF-I, had no effect on AVP-induced ERK activation.
To test whether tyrosine kinases may be involved in AVP-induced ERK activation, cultures of cells were pretreated with the broad-spectrum tyrosine kinase inhibitor genistein before addition of AVP. Genistein nearly abolished AVP-induced ERK activation (Fig.  6A) . Our results demonstrating that AVP stimulates Pyk2 and Src activation suggested that genistein could be acting via inhibition of Src family kinases. Indeed, pretreatment of cell cultures with the selective Src kinase inhibitor PP-2 (33) abrogated AVP-induced ERK-1/2 phosphorylation in a concentration-dependent manner (Fig. 6A) . In contrast, pretreatment with PP-3, a biologically inactive analog of PP-2, had no effect on AVP-induced ERK activation.
To examine the contribution of Ca 2ϩ to AVP-induced ERK activation, cultures of cells were pretreated simultaneously for 30 min with thapsigargin to deplete intracellular Ca 2ϩ stores and EGTA to chelate extracellular Ca 2ϩ . The cell cultures were subsequently left unstimulated or stimulated with AVP either with or without readdition of Ca 2ϩ . Depletion of Ca 2ϩ by this maneuver (Fig. 6B ) attenuated AVP-induced ERK-1/2 phosphorylation by ϳ65%. Readdition of Ca 2ϩ to this previously Ca 2ϩ -depleted medium completely restored AVP-induced ERK-1/2 phosphorylation in response to AVP, whereas readdition of Ca 2ϩ alone to this medium had no stimulatory effect on ERK-1/2 activation.
A variety of GPCR agonists also induce a rapid increase in EGFR tyrosine autophosphorylation in several cell types (12-14, 37, 80) , a receptor crosstalk mediated by rapid proteolytic generation of EGFR ligands at the cell surface (55) and termed transactivation (9, 55) . To examine whether EGFR transactivation is involved in AVP-induced ERK-1/2 phosphorylation, cultures of cells were pretreated with the selective EGFR tyrosine kinase inhibitor tyrphostin AG-1478 at various concentrations before addition of AVP. AG-1478 (62.5-250 nM) clearly abolished AVP-induced ERK-1/2 activation in a concentration-dependent manner (Fig. 6C) . Furthermore, pretreatment of cell cultures with another structurally unrelated EGFR tyrosine kinase inhibitor, compound 56 (7, 26, 32) , also inhibited AVP-induced ERK-1/2 phosphorylation.
AVP induces DNA synthesis and cell proliferation. Having established that AVP triggers the activation of multiple early pathways that potentially can lead to cell growth, our next step was to determine whether AVP induces cell cycle activation leading to S phase (Fig. 7B) . Furthermore, exposure of these cells to both AVP and EGF induced additive stimulation of DNA synthesis that reached a level almost comparable to that promoted by addition of medium containing 5% FBS.
We also determined whether AVP can stimulate IEC-18 cell proliferation in the absence of any other exogenously added growth factor. Sparse cultures of these cells were transferred to serum-free DMEMWaymouth's medium and then supplemented with or without 100 nM AVP. Cell number was determined by counting trypsinized cells with a Coulter counter. As illustrated in Fig. 7C , there is nearly a doubling in the cell number of cultures treated with AVP for 24 and 48 h compared with the controls. The results presented in Fig. 7 indicate that AVP acts as a potent growth factor for IEC-18 cells.
AVP-induced mitogenesis is dependent on MEK, PKC, [Ca 2ϩ ] i , EGFR tyrosine kinase, and Src family kinase activity.
In an effort to elucidate the signal transduction pathways that mediate mitogenic signaling in response to AVP in IEC-18 cells, we examined the effect of treatment with selective inhibitors of the signaling pathways characterized in this study (Figs.  1-6 ) on the stimulation of DNA synthesis induced by AVP in these cells. To determine whether DNA synthesis in response to AVP is mediated by MEK-dependent ERK-1/2 activation, serum-deprived cultures of IEC-18 cells were preincubated for 1 h in the absence or presence of the specific MEK inhibitors PD-98059 or the structurally unrelated compound U-0126 and subsequently stimulated with AVP. As shown in Fig. 8A , treatment with either PD-98059 or U-0126 attenuated [ 3 H]thymidine incorporation in response to AVP stimulation by ϳ50%.
Because we demonstrated that AVP induces ERK activation through PKC-, Ca 2ϩ -, Src-and EGFR-dependent pathways in IEC-18 cells (Figs. 5C, 6A ) and ERK activity is required for AVP-stimulated DNA synthesis (Fig. 8A) , we hypothesized that the pathways upstream of ERK (i.e., PKC, Ca 2ϩ , Src, and EGFR) are also required for reinitiation of DNA synthesis in response to AVP. To test whether AVP-induced DNA synthesis is PKC dependent, cells were preincubated for 1 h with the selective PKC inhibitor GF-I (at 3.5 M) whereas control cells received either an equivalent amount of solvent or GF-V (also at 3.5 M), a biologically inactive analog of GF-I, before addition of AVP. As shown in Fig. 8B , GF-I markedly reduced midine incorporation in response to AVP stimulation by ϳ70%.
To complement our data with pharmacological agents to inhibit PKC, we also tested whether direct activation of PKC by the phorbol ester PDB can stimulate DNA synthesis. As shown in Fig. 8C , addition of PDB to IEC-18 cells incubated in serum-free medium increased [ 3 H]thymidine incorporation by 1.8-fold (P Ͻ 0.05; n ϭ 3).
We used two different approaches to determine the role of [Ca 2ϩ ] i in AVP-induced DNA synthesis. As illustrated in Fig. 8C , addition of the Ca 2ϩ ionophore ionomycin singly promoted a 25% increase (P Ͻ 0.05; n ϭ 3) in [ To determine whether Src family kinases are also involved in AVP-induced DNA synthesis, cultures of IEC-18 cells were pretreated with the Src kinase inhibitor PP-2, vehicle, or PP-3, a biologically inactive analog of PP2, and then incubated in the absence or the presence of AVP. As illustrated in Fig. 9A , exposure to PP-2 prevented AVP-induced [ 3 H]thymidine incorporation in a dose-dependent manner, with complete inhibition achieved at 10 M. In contrast, addition of PP-3 (also at 10 M) had no effect on DNA synthesis stimulated by AVP.
Our results indicating that EGFR tyrosine kinase activity is required for AVP-induced ERK-1/2 phosphorylation (Fig. 6C ) prompted us to examine whether EGFR is also involved in AVP-induced DNA synthesis. Serum-deprived cultures of IEC-18 cells were preincubated for 1 h with the selective EGFR tyrosine kinase inhibitor tyrphostin AG-1478 at various concentrations (31-500 nM) before stimulation with AVP. As shown in Fig. 9B , tyrphostin AG-1478 markedly reduced [ 3 H]thymidine incorporation in response to AVP stimulation in a concentration-dependent fashion. Maximal inhibitory effect (ϳ60%) was achieved at a tyrphostin AG-1478 concentration of 100 nM. Together, the results presented in Figs. 8 and 9 indicate that the activity of the ERKs, PKCs, Src family kinases, and EGFR tyrosine kinase and elevation in [Ca 2ϩ ] i are required for AVP-induced mitogenesis in IEC-18 cells.
AVP-induced cell migration is dependent on MEK, PKC, and Src family kinase activity. Having established that AVP can act as a potent growth factor in IEC-18 cells, stimulating DNA synthesis and cell proliferation, we next examined whether AVP can also promote cell migration of these cells into a denuded area. Cells were plated on glass coverslips and serumstarved overnight before wounding as described in MA-TERIALS AND METHODS. The "wounded" coverslips were then incubated in serum-free DMEM supplemented with or without various concentrations of AVP. As shown in Fig. 10A , AVP induced a dose-dependent increase in migrating cells into the wound when assessed at 24 h. Pretreatment of the cell cultures with the selective V 1A receptor antagonist completely abolished AVP-induced increase in cell migration (Fig. 10B) .
Multiple signaling pathways have been implicated in the regulation of cell migration, including ERK (11), PKC (54) , and Src (19) . In the present study, we examined whether these pathways are also implicated in AVP-induced migration of IEC-18 cells. As shown in Fig. 10C , pretreatment with specific MEK inhibitors PD-98059 or the structurally unrelated compound U-0126 dramatically reduced AVP-induced cell migration.
Similarly, pretreatment with selective PKC inhibitors GF-I and Ro-31-8220 markedly reduced AVP-induced cell migration (Fig. 10D) . Furthermore, exposure to the Src kinase inhibitor PP-2 prevented AVP-induced cell migration in a dose-dependent manner, with near-complete inhibition achieved at 10 M. (Fig.  10D ). These findings demonstrate that AVP induces migration of IEC-18 cells through ERK-, PKC-, and Src-dependent pathways and thus identify signaling pathways that lead to both cell migration and proliferation.
DISCUSSION
The proliferation of epithelial cells of the intestinal mucosa is a tightly regulated process that is modulated by a broad spectrum of regulatory peptides (8, 36, 70) . Nontransformed IEC-6 and IEC-18 cells, derived from rat small intestinal crypt (56) , have provided an in vitro model to examine intestinal epithelial cell migration, differentiation, and proliferation (16, 27, 58, 70) . However, the signal transduction pathways involved in intestinal epithelial cell proliferation have remained incompletely understood. In particular, little was known about the regulation of intestinal cell proliferation in response to GPCR agonists.
In the present study we demonstrate for the first time that addition of the neurohypophysial nonapeptide AVP to cultures of IEC-18 cells potently stimulates multiple intracellular signal transduction pathways. Our results demonstrate that AVP, acting through the V 1A receptor subtype, induces a rapid and transient increase in [Ca 2ϩ ] i and stimulates a striking increase in PKD activity through a PKC-dependent signal transduction pathway in IEC-18 cells. We recently reported (10) that angiotensin and LPA also induce PKC-dependent PKD activation in IEC-6 and IEC-18 cells. Together, these results support the hypothesis that PKD is a downstream target of PKC in intestinal epithelial cells.
Pyk2, a nonreceptor tyrosine kinase, is stimulated by transient increases in the cytoplasmic concentration of Ca 2ϩ and by activation of PKCs in a variety of cell types (41, 42, 72) . This enzyme is the second member of the FAK subfamily that localizes to focal adhesions (72) and is expressed in the epithelial cells of the intestine, as shown by immunohistochemical staining and in situ hybridization (48) . In the present study, we found that AVP induces rapid Pyk2 tyrosine phosphorylation (indicative of Pyk2 activation) in a concentration-dependent fashion. The phosphorylation of Pyk2 at Tyr 402 , the major autophosphorylation site, creates a potential high-affinity binding site for the SH2 domain of Src, leading to the formation of a Pyk2-Src signaling complex in which both kinases are thought to be active. The increase in the activity of Src in intact cells can be detected by monitoring the phosphorylation of Src at Tyr 418 , a phosphorylation site located in its kinase activation loop. Here, we found that AVP induces phosphorylation of Pyk2 at Tyr 402 and promotes a rapid and striking increase in the phosphorylation of Src at Tyr 418 , indicating that AVP induces Src family kinase activation in IEC-18 cells.
The MAPKs are a family of highly conserved serine/ threonine kinases that are activated by a range of extracellular signals via protein phosphorylation cascades (59) that relay mitogenic signals to the nucleus (39) , thereby modulating the activity of transcription factors (79) . The two best characterized isoforms, p42 mapk (ERK-2) and p44 mapk (ERK-1), are directly activated by phosphorylation on specific tyrosine and threonine residues by the dual-specificity ERK kinase (or MEK) (73) . Pyk2 and Src have been identified as upstream kinases leading to the activation of the Raf-MEK-ERK cascade (15, 18, 30, 66) . Here, we show that addition of AVP to IEC-18 cells stimulates MEK-dependent ERK activation. Furthermore, we have established that AVP-induced ERK activation is PKC dependent, suggesting that PKC is a critical kinase that lies upstream of MEK/ERK.
There is increasing evidence that tyrosine kinases are involved in the stimulation of the ERK phosphorylation cascade by GPCR agonists. The EGFR is a single-pass transmembrane tyrosine kinase that is activated by direct binding of at least six EGF-related ligands that are synthesized as transmembrane precursors (9, 31). Recently, it was shown that a variety of GPCR agonists also induce a rapid increase in EGFR tyrosine autophosphorylation in several cell types (12-14, 37, 80) , a receptor crosstalk termed transactivation (9, 55) . Recently, Keely et al. (37) demonstrated that inhibition of EGFR tyrosine kinase activity prevented ERK activation in response to stimulation of G q -coupled muscarinic M 3 receptor by carbachol in colonic epithelial cells. EGFR transactivation is thought to induce ERK activation via a well-defined mechanism involving SOS-Grb2-mediated accumulation of Ras-GTP, which then recruits Raf-1 to the plasma membrane and activates a kinase cascade comprising Raf, MEK, and the ERKs (46, 73) . In our study, we demonstrated that inhibition of EGFR tyrosine kinase activity prevented ERK activation in response to AVP. Moreover, treatment of IEC-18 cells with the selective Src kinase inhibitor PP-2 completely prevented ERK activation in response to AVP stimulation. Thus AVP induces ERK activation through [Ca 2ϩ ] i , PKCs, EGFR tyrosine kinase, and Src family kinases in IEC-18 cells.
The requirement of these upstream pathways for ERK activation together with our kinetic results could be explained in the framework of a model in which [Ca 2ϩ ] i and PKC are required for Pyk2 activation, leading to Tyr 402 phosphorylation (Fig. 4C ). This site of Pyk2 associates with and leads to activation of Src family members (Fig. 4D ). In line with this model, our results show a striking similarity between the time courses of Pyk2 tyrosine phosphorylation and Src activation (Fig. 4, B and D) . Interestingly, Pyk2 and Src were implicated in promoting EGFR transactivation (4, 38) . The fact that these tyrosine phosphorylation pathways are upstream of ERK is further supported by our kinetic results demonstrating that the rapid activation of Pyk2 and Src preceded ERK activation (Fig.  4E) . Although the confirmation of this signal transduction model will require further experimental work, it provides a plausible explanation for the requirement of [Ca 2ϩ ] i , PKC, EGFR, and Src for ERK activation in AVP-stimulated intestinal epithelial cells.
Our results demonstrate that AVP initiates multiple early signaling pathways in IEC-18 cells that are increasingly implicated in stimulating cell proliferation. Indeed, one of the most interesting findings presented in this study is that addition of AVP to cultures of IEC-18 cells induces DNA synthesis and cell proliferation in the absence of any other exogenously added growth factor and at nanomolar concentrations. AVP was more effective than EGF in stimulating [ 3 H]thymidine incorporation in IEC-18 cells. These findings indicate that, in addition to tyrosine kinase receptors, GPCRs are also involved in the regulation of cell proliferation of intestinal epithelial cells.
Using selective inhibitors of MEK-mediated ERK activation, Src family kinase activity, and EGFR tyrosine kinase activity, we found that ERK inhibition attenuated AVP-induced DNA synthesis whereas either Src or EGFR inhibition markedly diminished this response. Because our results indicate that Src and EGFR are upstream of ERK in the pathway triggered by AVP in IEC-18 cells, it is conceivable that, in addition to ERK, Src kinases and EGFR are involved in triggering additional signaling pathways leading to DNA synthesis induced by AVP in these cells. We conclude that AVP is a potent growth factor for IEC-18 cells and that Src and EGFR play critical roles in mediating the proliferative response elicited by AVP in these cells.
The PKC family has been implicated in the signal transduction pathways that mediate important functions in intestinal epithelial cells including proliferation (1, 22) and carcinogenesis (53) . It is known that intestinal epithelial cells express multiple isoforms of the PKC family, including ␣, ␤, ␦, ⑀, and . Mice with transgenic overexpression of PKC␤2 in the intestinal epithelium exhibit hyperproliferation of the colonic epithelium and an increased susceptibility to azoxymethane-induced preneoplastic lesions in the colon (49) . PKC⑀ has been shown to act as an oncogene when overexpressed in intestinal epithelial cells (53) . PKC has also been implicated in the downregulation of the tumor suppressor gene Cdx-2 by oncogenic Ras in vivo (45) . In actively cycling IEC-18 cells (cells growing in 5% serum), treatment with biologically active phorbol esters transiently inhibited cell cycle progression, which was noted 2-6 h after treatment (22, 23) . This cell cycle delay was associated with a rapid decrease in the level of cyclin D1, which subsequently rebounded and, in fact, increased over the basal levels at later times of phorbol ester treatment (23) .
The results presented here demonstrate that exposure of quiescent, serum-starved IEC-18 cells to PDB stimulated an increase in DNA synthesis at a time that coincided with cyclin D1 elevation noted in a previous study ( Fig. 8C; Ref. 23) . Furthermore, treatment with selective PKC inhibitors abolished ERK activation and markedly attenuated DNA synthesis in response to AVP. These results suggest that PKC could play different roles in cell proliferation at different stages of the cell cycle (44) . Collectively, our results indicate that receptor-mediated PKC activation, as induced by AVP, transduces mitogenic signals leading to DNA synthesis and cell proliferation in IEC-18 cells.
In the gastrointestinal mucosa, cell proliferation and migration play a fundamental role in the organization and maintenance of tissue integrity (50) . When damaged, the gastrointestinal mucosa has a remarkable ability to repair itself very rapidly. Within minutes of epithelial injury, cells adjacent to a wound rapidly migrate over the denuded area to reestablish epithelial continuity. Subsequently, the cells enter into DNA synthesis and divide. This two-stage process of wound repair is known as restitution. Cultures of IEC cells have provided an excellent model system to study restitution in cell culture (16, 27, 58, 70) . In addition to DNA synthesis and cell proliferation, we have shown that AVP via V 1A receptor promotes cell migration in cultures of IEC-18 cells in a dose-dependent manner and is dependent on MEK, PKC, and Src family kinase activity. Interestingly, like many other neuropeptides, AVP production and release is not restricted to the hypothalamic neurohypophysial system. Indeed, AVP immunoreactivity and AVP-associated neurophysin were localized to crypt cells of rodent and human small intestine, suggesting that in addition to its well-known role as an endocrine hormone produced by hypothalamic neurons, AVP can also act as a paracrine signaling peptide in the intestine (24, 25, 69) .
Thus the findings presented in this study raise the possibility that AVP plays a role in the maintenance of the intestinal mucosa in response to injury by promoting intestinal epithelial cell proliferation and migration.
